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Abstract
Objective Assessment of iron content in the liver is crucial for diagnosis/treatment of iron-overload diseases. Nonethe-
less, T2*-based methods become challenging when fat and iron are simultaneously present. This study proposes a phantom 
design concomitantly containing various concentrations of iron and fat suitable for devising accurate simultaneous T2* and 
fat quantification technique.
Materials and methods A 46-vial iron–fat–water phantom with various iron concentrations covering clinically relevant 
T2* relaxation time values, from healthy to severely overloaded liver and wide fat percentages ranges from 0 to 100% was 
prepared. The phantom was constructed using insoluble iron (II, III) oxide powder containing microscale particles. T2*-
weighted imaging using multi-gradient-echo (mGRE) sequence, and chemical shift imaging spin-echo (CSI-SE) Magnetic 
Resonance Spectroscopy (MRS) data were considered for the analysis. T2* relaxation times and fat fractions were extracted 
from the MR signals to explore the effects of fat and iron overload.
Results Size distribution of iron oxide particles for Magnetite fits with a lognormal function with a mean size of about 
1.17 µm. Comparison of FF color maps, estimated from bi- and mono-exponential model indicated that single-T2* fitting 
model resulted in lower NRMSD. Therefore, T2* values from the mono-exponential signal equation were used and expressed 
the relationship between relaxation time value across all iron (Fe) and fat concentration as Fe = −28.02 +

302.84

T2∗
− 0.045 FF , 

with R-squared = 0.89.
Discussion The proposed phantom design with microsphere iron particles closely simulated the single-T2* behavior of fatty 
iron-overloaded liver in vivo.

Keywords Iron–fat–water phantom · Magnetic resonance imaging · Iron overload · Fatty liver

Introduction

Iron is an essential mineral found in all body cells [1]. 
Although iron is excreted through a variety of ways includ-
ing bleeding, sweating, etc., there is no mechanism in the 
body to adjust excess iron removal [2, 3]. Hence, in some 
conditions such as hereditary hemochromatosis (genetic 
mutations), or hemosiderosis (repeated blood transfusions), 
iron overload may occur which is more damaging than iron 
deficiency [4]. Excess iron is mainly stored in the liver [3, 
5] and might be concurrent with increase in hepatic fat per-
centage (steatosis) that exacerbates the disease condition 
[6–8]. Unfortunately, iron deposition has no early specific 
symptoms and if missed, it can cause organs’ dysfunction.

The gold standard method for estimating liver iron 
concentration (LIC) and steatosis level in vivo is liver 
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biopsy. LIC results reported from biopsy are expressed as 
milligram of Fe to the gram of dry-weight-tissue (mg Fe/
gdw). Accordingly, iron overload can be categorized into 
four grades: normal (< 3 mg Fe/gdw), mild (3–7 mg Fe/
gdw), moderate (7–15 mg Fe/gdw) and severe (> 15 mg 
Fe/gdw) [4]. Similarly, hepatic steatosis based on the rate 
of affected cells or fat percentage can be categorized into 
grade 0 (< 5%), grade1, (5–33%), grade 2 (34–66%) and 
grade 3 (> 67%) [7, 9]. The invasive and painful nature 
of the biopsy procedure, as well as the proneness to sam-
pling errors due to the uneven distribution of iron and fat, 
makes it inappropriate for repeated measurements [10, 11]. 
Hence, there is a need for alternative non-invasive evalua-
tion methods to biopsy.

In this context, magnetic resonance imaging (MRI) as a 
non-ionizing imaging modality and a non-invasive measure-
ment technique with sensitivity to both iron and fat deposi-
tion can be employed. Iron particles distort uniformity of 
the main magnetic field, which results in dephasing of the 
signal from ensembles of spins and decreases the received 
gradient recalled echoes (GRE) MR signal [12–14]. Addi-
tionally, fat spectrum is the superposition of multiple peaks 
with different frequencies. Concurrent existence of fat in 
the hepatocytes imposes oscillation to the exponential decay 
behaviour of the signal and further reduces the total T2*. 
Therefore, GRE signal has the potential to detect iron and fat 
simultaneously which could help in choosing the appropriate 
therapy and also treatment follow-ups [15].

Nowadays, various techniques of MRI are used to assess 
liver iron concentration. However, non-similar results in dif-
ferent imaging centers, inability to measure iron in severe 
conditions, errors in concomitant presence of fat and iron 
and limitation in providing biopsy references to evalu-
ate accuracy of new methods restrict the clinical utility of 
MRI. In order to deal with these issues, phantoms must be 
designed to simulate concomitant liver fat and liver iron 
conditions.

Most previous attempts in phantom construction focused 
on quantifying fat or iron separately, such as the study of iron 
overload with a homogeneous phantom containing series 
of different manganese chloride  (MnCl2) concentrations by 
Clark et al. [16], or a study of fat–water phantom with varia-
tion in fat content from 0 to 100% by Bernard et al. [17]. The 
design of the phantom was improved by Hines et al. through 
considering simultaneous presence of fat (0–100%) and iron 
(Feridex; 0–50 µg Fe/mL). The results of this study revealed 
that nanoscale iron particles could not significantly affect the 
magnetic field of fat droplets. Therefore, T2* of water and fat 
were diverse and different decay times or dual-T2* behaviour 
were observed [18]. Recent in vivo MR experiments on fatty 
iron-overloaded tissue represented similar signal decay times 
for water and fat, implying single-T2* or mono-exponential 
signal decay behaviour [6, 9, 19].

In this study, we aimed to further improve the design of 
iron–fat–water from a magnetic resonance signal perspective 
by exploiting iron particles with sizes at least a full order 
of magnitude larger than Feridex. Contrary to the earlier 
homogeneous phantom composition that included iron oxide 
(Magnetite) aqueous suspension or SPIO, magnetite micro-
particles have powder insoluble physical form that will bring 
about a non-homogenous compound. Considering the fact 
that the excess accumulated iron particles in the liver are in 
the form of ferritin clusters and their sizes are in the order of 
micrometres rather than nanometres, using microsphere iron 
oxide particles might better simulate liver iron overload [19]. 
Also, similar to the studies performed by Bernard et al. [17] 
and Hines et al. [18], the effect of various fat concentrations 
was considered in our proposed phantom. The phantom with 
a better mimic of different liver disease conditions can be 
applied to provide a method for accurate T2* quantification 
studies.

Materials and methods

Measurement of iron particle size

Initially, morphological properties of the iron oxide powder 
were studied. Measurement of the magnetite particles was 
accomplished using a Field Emission Scanning Electron 
Microscope (Fe-SEM; HITACHI S4160 with 5 nm resolu-
tion). Images were captured with this high-resolution micro-
scope as follows: first, in order to sample preparation for 
electron microscopy, the dry iron oxide powder was coated 
with gold to provide a conductive surface. Then, the pre-
pared sample was scanned by a narrow beam of electrons 
and an image was formed on the monitor that expressed the 
morphology of the iron oxide in surface layers [20].

Relative particle size is usually determined using image 
analysis techniques that completely rely on the quality of 
SEM pictures. Because there were many overlapping neigh-
bours that made us exploit manual evaluation, a few hundred 
individual particles were selected and evaluation was per-
formed by measuring the particle sizes to obtain the distribu-
tion and to estimate the geometric average value.

Phantom design

A non-homogenous iron–fat–water phantom, consisting 
of forty-six 50-mL vials of water solution approximately 
similar to that proposed by Hines et al. [18] was made as 
follows: 0.8% mass/volume concentration agar (in order 
to obtain stable emulsions in the form of gel, not solid), 
0.5 mM cupric sulphate (to reduce T1 value of the solution to 
approximately 800 ms at 3.0 T to be more similar to biologi-
cal values of T1), 43 mM sodium chloride, 3.75 mM sodium 
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azide (antimicrobial agent) and 43 mM sodium dodecyl 
sulphate (surfactant or emulsifier) all dissolved in distilled 
deionized water. Water solution was mixed with appropri-
ate proportions of magnetite and peanut oil. Magnetite is 
a kind of iron oxide with the chemical formula  Fe3O4, has 
72.36% iron by mass. Thus, final iron concentrations were 
0, 14.5, 43.4, 72.4, 101.3, 144.7, 217.1, 361.8 and 723.6 µg 
Fe/mL selected to cover clinically relevant T2* relaxation 
time values, from healthy (about 20 ms) to severely over-
loaded liver (less than a few milliseconds). Peanut oil con-
centrations were varied to mimic fat percentages of 0%, 5%, 
15%, 30%, 50% and 100%. The mixture was heated to boil 
for 30 s, shaken carefully and cooled down to form a soft 
gel. These procedures allowed non-soluble  Fe3O4 particles 
to suspend, and other compounds to mix in the solution. It 
was important that the final solution was well-mixed so that 
the boundary between oil and water disappeared similar to 
fatty liver, where fat compounds are unobservable. This gel 
phantom is stable at room temperature and does not require 
special maintenance.

Vials containing many observable deposited iron particles 
in the bottom of the containers or those with visible borders 
between water and fat were excluded from our quantitative 
study.

Image acquisition

The phantom was imaged at a 3.0  T scanner (MAG-
NETOM Prisma, Siemens, Erlangen, Germany), using 
an 18-channel body array coil. First series of magnitude 
coronal T2* images were acquired using a 2D multi gra-
dient recalled echoes (mGRE) pulse sequence, with the 
imaging parameters as follows: TR = 400 ms with a 20° flip 
angle that was deliberately chosen non-optimal to decrease 
bias,  TE1 = 1.71  ms, ΔTE = 0.74  ms, sampling band-
width = 1930 Hz per pixel, number of average (NEX) = 12 
(to minimize noise), voxel size = 3.9 × 3.9 × 10.0  mm3, 
FOV = 370 mm, matrix = 66 × 96, TA = 11 min 02 s and the 
number of slices = 10. Then, the second and thirds series of 
images were acquired using the same protocol, but with the 
first TEs equal to 2.05 and 10.49 ms, respectively. Through 
combination of these separate acquisitions, 30 non-equally 
spaced TEs from 1.71 to 14.2 ms were provided with denser 
echo time spaces.

Additionally, a vial with 100% fat content was employed 
for coronal 1H magnetic resonance spectroscopy (1H-MRS), 
imaged with chemical shift imaging spin echo (CSI_SE) 
sequence using with TE/TR = 30/1200  ms (long TR to 
minimize the T1 effect), voxel size = 5.8 × 4.6 × 40.0 mm3, 
transverse magnetization (TM) = 0 ms, TA = 5 min 58 s, 
BW = 1000 Hz, NEX = 10, frequency of H = 123.19 MHz, 
without any fat or water suppression.

MR data analysis

The GRE signal containing fat and iron can be modelled 
as a function of TE as follows [6]:

where S
(

TEn

)

 is the complex signal acquired at TEn , W  and 
F are the water and fat amplitudes at TE = 0 (fat fraction is 
FF =

100F

F+W
 ), T∗

2W
 is the relaxation time of water, T∗

2f
 is the 

relaxation time of fat, fB represents the field inhomogeneity 
and η is an additive complex Gaussian noise (zero mean and 
standard deviation of �

0
 ). Moreover, the terms inside the 

sigma describe fat characteristics, �M ( 
∑M

m=1
�M = 1 ) and fM , 

are the relative amplitude and frequency location of M-th 
peak visible in the spectrum, respectively. Analyzing shape 
of the acquired MRS dataset with the help of jMRUI 
(AMARES) software package enabled us to pre-calibrate a 
6-peak spectral model of the fat that needed to be performed 
just once. Placing the spectrum in the signal model simpli-
fied the calculation of estimating other unknown 
parameters.

By employing an in-house algorithm developed in 
MATLAB Release 2016b (The MathWorks Inc.), T2*-
weighted images were analysed to calculate pixel-by-pixel 
color maps. In order to remove background pixels and to 
calculate the average parameter values of the vials, 45 
regions of interest (ROIs), each surrounding one of the 
vials, were drawn on an image slice. Calculations were 
performed with both dual- and single-T2* equation to 
compare accuracy, where distinct and afterward common 
relaxation values were assumed for water and fat, respec-
tively. Magnitude form of the described signal model was 
used for analysis which is more common in the clinic 
and keeps noise-induced bias away in FF estimation. The 
initial amount of W was chosen to be the highest signal 
intensity at each pixel. Moreover, to set the best initial T2* 
value, two primary fitting procedures were performed: first 
on signal samples where the water and fat signal seemed 
to be in phase (i.e. TE = [2.45, 4.67, 6.89, 9.11]), then on 
samples that seemed to be out of phase (i.e. TE = [3.53, 
5.75, 7.97, 10.19]). Then, the average estimated T2* was 
used as the best initial choice for the final fitting result. 
Implementation of the fitting with nonlinear-least square 
solver using Trust-Region-Reflective algorithm resulted 
in 2 distinct T2* maps for the bi- and a T2* map for the 
mono-exponential signal model, as well as a FF map for 
each of the equations. In addition, a multiple regression 
was conducted to investigate the T2* relaxation behaviour 
across all iron and fat contents at 3.0 T.

(1)

S
(
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To compare forecasting errors of bi- and mono-expo-
nential models for the multi-GRE dataset, normalized root-
mean-square deviation (NRMSD) was used. NRMSD as a 
measure of accuracy represented magnitudes of the errors 
or residuals between the true FF and the estimated FF maps 
that resulted from each of the two models.

Results

A couple of vials with different contents are shown in Fig. 1 
which illustrates the phantom preparation has been a suc-
cessful process. Like the real tissue, no boundary is observed 
between water and fat. Moreover, the gel-based solution has 

provided a substrate for suspending iron particles that pre-
vented them from settling out.

Figure 2 displays SEM images of the used magnetite 
sample and particle size distributions determined from the 
images. Manual analysis estimated that the average iron 
oxide particle size of the sample was 1.17 µm, 34.67% of 
the sample contained particles smaller than 500 nm and sizes 
of the rest of the particles fell within the range of 0.5–5 µm.

Figure 3 is a representative example of the fat spectrum 
which was used to measure relative amplitude and frequency 
location of each peak. The characteristic information of the 
peaks was placed in the signal equation to decrease the num-
ber of unknowns.

Figure 4 shows pixel-by-pixel T2* and FF colour maps, 
estimated from bi-exponential model in the first row and 
mono-exponential model in the next. Vials were arranged 
in the order in which iron concentration increases from bot-
tom to up and fat percentage increases from right to left. 
MRI experiments on the phantom proved that T2* relaxation 
time decreases in the presence of suspended microsphere 
iron oxide particles and in the presence of fat with zero iron 
concentration. The localizer of acquisition had adjusted such 
that the bottom of vials or the effect of iron particles depos-
ited at the bottom of vials was not included in the slices; 
therefore, the vial with 0% fat and 101.3 μgrFe

mL
 iron concen-

tration with non-dispersed iron particles was excluded from 
subsequent analysis.

In Fig. 5, NRMSD or measure of the differences between 
true FF values and the estimated FF by the dual- and single-
T2* signal models are depicted. Estimated FF maps show 
that dual-T2* fitting model resulted in poor outcomes and 

Fig. 1  Four selected (among a total of 46) vials. The resultant fat–
water–iron solution is heterogeneous and the suspended iron parti-
cles are visible. Moreover, there’s no boundary between water and fat 
(same as tissue)

Fig. 2  FE-SEM micrographs (in four different scales) and particle size distribution of iron oxide powder. The particle size distribution histogram 
of the sample shows a lognormal pattern with average size of 1.17 µm
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high standard deviations, particularly in vials with high iron 
contents.

Accordingly, results derived from the mono-exponen-
tial model that were shown in the second row of Fig. 4 are 
summarized in Fig. 6, where mean estimated T2* relaxa-
tion time (average of relaxations within each of the ROIs) 
and mean estimated PDFF in each vial are plotted against 
the relative iron concentration and true fat percentage, 
respectively. It was observed that in the last three high iron 
concentrations (i.e. ≥ 217.1 μgrFe

mL
 ), the estimated relaxation 

values reached saturation. Moreover, in the PDFF graph, 
the deviation between the estimated fat percentage and the 
true value increases by the increment in iron content which 
is completely visible in the 723.6 μgrFe

mL
 iron concentration. 

Therefore, the results from the three highest iron contents 
were eliminated and the remaining T2* values following a 
multiple regression models the relationship between relaxa-
tion time value over all iron ( Fe ) and fat concentration as 
Fe = − 28.02 +

302.84

T2∗
− 0.045FF, with R-squared = 0.89. 

Coefficients were determined with 95% confidence bounds.

Discussion

In this study, a gel phantom containing a mixture of water 
solution and fat and with a broad range of iron was pre-
pared. To fix the issues with previously proposed phantoms 
[18], microsphere iron oxide sample with larger particles 
than SPIO was used to get slightly closer behaviour to the 

actual liver condition. MRI experiments on this phantom 
indicated that T2* relaxation time decreases in the presence 
of suspended microsphere iron oxide particles.

As demonstrated by the results of the two fitting mod-
els, mono-exponential equation results in lower error 
than the dual-T2* fitting, which was inline with the recent 
research; the decay rates of water and fat signals in dis-
eased human liver and animal models with concomitant 
hepatic steatosis and iron overload are very similar [6, 
19]. Contrary to the earlier homogeneous phantom that 
included iron oxide aqueous suspension, it seems that 
insoluble microsphere iron particles affected both water 
and fat; therefore, signal from each voxel was better fit-
ted by a mono-exponential function. In other words, our 
proposed phantom with identical T2*W and T2*F behaviour 
mimics liver better [6].

The amounts of iron in phantom are similar to wet tis-
sue, and since the fraction of water in soft tissues is around 
70–85%, they must be converted to dry-weight by a factor 
of 5.5 in order to be comparable with the in vivo results 
[21, 22]. In the present phantom, we have tried to simulate 
healthy-to-severe iron overload conditions from a magnetic 
resonance signal perspective or clinically relevant relaxa-
tion times through an extended iron content (0–723.6 µgr 
Fe/mL ~ 4 mgFe/gdw), though these concentrations can just 
cover the physiological liver iron range up to the mild level. 
In other words, excess iron particles accumulated in the liver 
have less impact on the decay rate of water molecules than 
what we observed in our phantom and accordingly, the phan-
tom reached to less than a few milliseconds with nearly mild 
hepatic iron amount. This dissimilarity between the in vivo 
intracellular decay time and phantom may be due to the 
microscopic characteristics of the aqueous fat/iron solution 
with the uncontrolled size of fat droplets and iron clusters. 
Although it is not of interest to reach precise physiologic 
iron-overload amounts, it is important to cover T2* value 
created by excess iron in different grades of liver disease. 
The generated regression curve which has modeled the iron 
content as a function of estimated relaxation times and fat 
percentage could be further improved by calibrating with the 
results obtained by patient biopsies to create a calibration 
curve specified for each imaging protocol intended for direct 
iron/fat quantification applications in clinics [13].

Furthermore, the results in vials with zero iron concen-
tration indicate that the T2* relaxation values are shortened 
by fat which is similar to the results reported by Fukuzawa 
et al. [23]. A recent study by Bydder et al. [24] has pointed 
out sources of bias in PDFF estimation using magnitude 
image analysis. It is shown that the R2* difference between 
water and fat could be replaced with a constant term which is 

-496 Hz74 Hz
-91 Hz

1 0 -1 -2
Frequency (ppm)

-3 -4

-252 Hz

-337 Hz

-441 Hz

Fig. 3  Illustrative multi-peak spectrum acquired at 3.0 T in peanut oil 
that was used as fat in the phantom. The chemical shift frequency of 
each peak is labelled in Hz relative to water
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negligible at low to moderate fat percentages and, therefore, 
the mono-exponential T2* signal model would be sufficient. 
This small constant also indicates broader linewidth for the 
liver fat peaks than water, which reduces the total T2* of 
fat–water mixture. Further studies are needed in order to 
unravel the exact underlying principle of this observation.

Some limitations of this work should be addressed. First, 
T2* value for healthy liver with previous studies on 1.5 T 
MRI is 25–35 ms. In severe iron-overload conditions, signal 
intensity decreases and the relaxation time value diminishes 

to less than 2 ms and thus it becomes less than 1 ms at 3.0 T 
scanners [25–27]. The signal loss is reasonable due to equa-
tion of the MR signal where T2* is the exponential time 
constant, and after a period of 3 time constants, only 5% of 
the initial signal remains. Poor signals could be dominated 
by noise and complicate quantitative analysis. Therefore, 
TEs or at least the first TE must be selected shorter than T2* 
to capture this fast decaying signal. We tried to choose TE 
as small as possible, but this choice was restricted by the 
scanner. Also, for the least possible initial echo time, we 

Fig. 4  Pixel-by-pixel T2* and FF maps, with dual- (first row) and sin-
gle-T2* model (second row). Iron concentration increases from bot-
tom to up and fat percentage increases from right to left. Note that 

iron particles did not suspend well in the vial with 0% fat and 101.3 
μgrFe

mL
 iron concentration, so the vial was removed from further analysis
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had to increase the bandwidth. As a result, signal-to-noise 
was lost, which was compensated by considering a larger 
voxel size. Ultimately, we reached TE = 1.71 ms that lead to 
overestimation in T2* values for vials with high iron content 
(i.e. ≥ 217.1 μgrFe

mL
 ) because most of their signal is decayed 

even at the minimum echo time. To take advantage of high 
magnetic field beside the sensitivity of T2* to iron, ultra-
short echo time imaging could be performed. UTE imaging 
could decrease TE and also ΔTE down to microseconds [28, 
29]. Shorter echo time would potentially provide stronger 
signal and could conquer some SNR problems, especially 
at high iron concentrations.

Second, there were several problems in phantom prepara-
tion such as weighing up a small amount of iron powder, due 
limitation of the scale resolution to 0.1 mg. Therefore, we 
could not prepare vial contents with less than 14.5 µgr Fe/
mL concentration (least possible amount = 1 mg). Moreo-
ver, although the non-uniform suspension of Magnetite 
iron particles in the vials was in line with the studies on 
explanted liver and heterogeneity of hepatic iron concentra-
tion [12], different microscopic iron clustering may result in 
different T2* decay that might be an additional confounder 
since it was proved to associate with both the concentration 
and distribution of iron-oxide particles [14]. Using an aqua 
sample of microsphere iron with homogenous dispersion in 
the water solution could reduce the error of phantom and 
improve the accuracy of regression curve for direct use in 
clinic.

Conclusion

In conclusion, an iron–fat–water phantom with broad 
range of iron was employed in this study that showed 
single-T2* behaviour behaves same as fatty iron-overload 
liver in vivo. The described phantom could further be used 
for evaluation of MRI quantification algorithms to improve 
the profitable use of this technique in clinics, particularly 
in complex conditions when fat and high iron concentra-
tion (with significantly reduced T2*) simultaneously coex-
ist. Quantification techniques could be further improved 
by complex fitting to discriminate fat and water signal, 
performing patient studies and benchmarking the values 
with biopsies.

Fig. 5  Normalized RMSE measure of FF estimated with (left) bi- and 
(right) mono-exponential signal models

Fig. 6  Results derived from the 
mono-exponential model inside 
each ROI: mean T2* values 
against iron concentrations in 
varying fat percentages (left), 
and mean estimated PDFF 
values against true PDFF in 
varying iron contents (right)
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